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Introduction
South China, including the Yangtze Block to the northwest and the Cathaysia Block to the southeast, retains some of the best-preserved 830-750-Ma magmatic and sedimentary records in the world (Li et al. 1999 (Li et al. , 2003c Wang and Li 2003) . In recent years, a number of studies have documented the Neoproterozoic igneous rocks along the western Manuscript received October 12, 2009; accepted May 11, 2010. 1 State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550002, China.
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3 Chengdu University of Technology, Chengdu 610059, China. margin of the Yangtze Block, but the genesis and tectonic implications of these rocks remain a subject of debate, as outlined by two competing models. Li and coauthors suggested that the rocks older than 860 Ma (most likely ≥900 Ma) were formed before or during the Sibao Orogeny associated with the assembly of the supercontinent Rodinia, whereas the 830-740-Ma rocks were anorogenic products related to superplume activity during the breakup of Rodinia (Li et al. , 2003a (Li et al. , 2003c Lin et al. 2007; Zhu et al. 2008 ). Zhou and others, however, considered all these Neoproterozoic rocks to have been formed in a roughly northsouth-trending (present-day coordinates) active continental margin (Zhou et al. , 2006a (Zhou et al. , 2006b Zhao and Zhou 2007; Sun et al. 2007 Sun et al. , 2008 . Picrites, with MgO content of 12-18 wt%, occur in different tectonic settings (Le Bas 2000; Tsikouras et al. 2008) . Primary picritic melts require higher degrees of partial melting and higher temperature than basaltic melts (e.g., Herzberg and O'Hara 1998) . Picritic melts are generally associated with abnormally hot mantle, as in many large igneous provinces (LIPs) generated by upwelling of mantle plume heads (Thompson et al. 2001; Zhang et al. 2006) . A number of picritic dikes that intruded the ca. 820-Ma Tongde complex in the Yanbian area of the southwestern Yangtze Block were identified in this study. Comprehensive investigations in secondary ion mass spectroscopy (SIMS) U-Pb zircon age, mineralogy, geochemistry, and Sm-Nd isotopes for these picritic dikes were conducted with the aims of (1) determining the crystallization age of the dikes, (2) constraining the origin and petrogenesis of the rocks, and (3) shedding new light on the Neoproterozoic tectonic evolution along the western margin of the Yangtze Block.
Geological Background
The Kangding-Panzhihua area is located on the western margin of the Yangtze Block of South China, to the east of the Songpan-Ganzi orogenic belt ( fig. 1a ). The basement rocks in this area mainly consist of late Mesoproterozoic to earliest Neoproterozoic metasedimentary rocks interbedded with felsic and mafic metavolcanic rocks of the Kunyang, Huili, and Yanbian groups Greentree et al. 2006 ). These rocks are overlain by a thick sequence (19 km) of to Permian strata composed of clastic, carbonate, and metavolcanic rocks, including the middle Neoproterozoic bimodal volcanic rocks and clastic rocks within the Suxiong and Kaijianqiao formations ). The Suxiong and Kaijianqiao formations unconformably overlie the folded Huili Group. The late Neoproterozoic clastic rocks and phosphorus-bearing carbonate rocks occur within the Guanyinya and Dengying formations (Cong 1988, p. 267-314; SBGMR 1991) .
There are three major Precambrian rock units in the Yanbian area ( fig. 1b ): (1) metavolcanic rocks and schists of the Yanbian Group, (2) Neoproterozoic igneous rocks that intruded the Yanbian Group, and (3) upper Neoproterozoic successions that unconformably overlie the Yanbian Group and the intruding igneous rocks. The east-west Yanbian Group (≥900 Ma) is strongly deformed and variably metamorphosed ) and consists of four formations: from bottom to top, the Huangtian, Yu-men, Xiaoping, and Zhaigu formations (SBGMR 1991) . The Huangtian Formation mainly contains metabasaltic pillow lavas interbedded with several chert and schist layers. The Yumen Formation consists of carbonaceous slate with siltstone in its lower part and carbonaceous and tuffaceous slate in its upper part. The Xiaoping Formation is composed of slate, sandstone, and conglomerate. The Zhaigu Formation comprises slate and conglomerate (SBG 1972; SBGMR 1991; Sun and Vuagnat 1992) .
Mid-Neoproterozoic granitoids, mafic-ultramafic intrusive bodies, and mafic dikes are widespread throughout the Yanbian area ( fig. 1b ). They include the ca. 860-Ma Guandaoshan dioritic pluton (Li et al. 2003b ), the ca. 820-Ma Tongde complex (Sinclair 2001) , the ca. 825-820-Ma Gaojiacun and Lengshuiqing mafic-ultramafic plutons (Zhou et al. 2006a; Zhu et al. 2006 Zhu et al. , 2007 , and the ca. 790-760-Ma mafic dikes to the north of the Gaojiacun and Lengshuiqing plutons (Zhu et al. 2008) . All these rocks intrude into the Yanbian Group.
Three picritic dikes investigated in this article intruded the Tongde complex ( fig. 1b ). They strike northwest to northeast and dip to the northeast or southeast with an angle of ∼70Њ-80Њ. The dikes are up to 2 km long, with a thickness between 30 and 100 m. They are black, phyric picritic dikes, containing abundant (ca. 15-35 vol%) large phenocrysts of olivine and minor clinopyroxene. The matrix minerals consist mainly of clinopyroxene and plagioclase ( fig. 2 ). Rock-forming minerals comprise olivine (15%-30% by volume), clinopyroxene (30%-40%), plagioclase (30%-40%), Fe-Ti oxides (1%-2%), and chromite (!1%). Chromite grains are enclosed in olivine, whereas Fe-Ti oxide (magnetite and ilmenite) grains are usually interstitial to olivine and enclosed in clinopyroxene or plagioclase.
Analytical Methods
Zircon grains from sample TBZ0600 were separated with conventional heavy-liquid and magnetic techniques. Representative zircon grains, together with zircon standards (91500), were handpicked under a binocular microscope, mounted on an epoxy resin disc, and then polished and coated with gold film before SIMS analysis. Zircons were documented with transmitted-and reflected-light micrographs, as well as cathodoluminescence (CL) images, to reveal their external and internal structures. Measurements of U, Th, and Pb for zircon grains were conducted with the Cameca IMS-1280 secondary ion mass spectroscope at the Institute of Geology and Geophysics at the Chinese Academy of Sci- ences (CAS) in Beijing. U-Th-Pb ratios and absolute abundances were determined relative to the standard zircon 91500 (Wiedenbeck et al. 1995) . The standard analyses were interspersed with those of unknown grains according to operating and data processing procedures described by Li et al. (2009) . The mass resolution used to measure Pb/Pb and Pb/U isotopic ratios was 5400 during the analyses. Nonradiogenic 204 Pb was used to correct measured compositions for common Pb. Corrections were sufficiently small as to be insensitive to the choice of common-Pb composition. An average of presentday crustal composition (Stacey and Kramers 1975) was used for common Pb, under the assumption that the common Pb is largely surface contamination introduced during sample preparation.
Chemical compositions of olivine and clinopyroxene were determined by wavelength-dispersive x-ray emission spectrometry using an EPMA-1600 electron microprobe at the State Key Laboratory of Ore Deposit Geochemistry (SKLOG) at the Institute of Geochemistry, CAS (IGCAS). Major ele- ments were analyzed with a PANalytical Axiosadvance x-ray fluorescence spectrometer at the SKLOG, IGCAS, using fused lithium-tetraborate glass pellets. Analytical precision, as determined on the Chinese national standard GSR-3, was generally 1%-5%. Trace elements were analyzed with a Perkin-Elmer ELAN-DRC-e ICP-MS at the SKLOG, IGCAS. Powdered samples of 50 mg were dissolved in high-pressure Teflon bombs using a HF ϩ HNO 3 (1 : 1 ratio) mixture for 48 h at ∼195ЊC. Rh was used as an internal standard to monitor signal drift during counting (Qi et al. 2000) . The international standards GBPG-1 and OU-6 and the Chinese national standard GSR-3 were used for analytical quality control, with the precision generally better than 5%.
Samples for Sm-Nd isotopic analysis were spiked and dissolved in Teflon bombs with HF ϩ HNO 3 (2 : 1 ratio) acid and separated by conventional cation-exchange techniques. The isotopic measurements were performed on a Finnigan MAT 262 thermal ionization mass spectrometer at the Institute of Geology and Geophysics, CAS. (table A5) .
Whole-Rock Geochemistry. Major-and trace-element data for the Tongde picritic dikes are presented in table A2, available in the online edition or from the Journal of Geology office. All the samples in this study are relatively fresh to moderately altered ( fig. 2) , as suggested by variable loss-onignition (LOI) values of 1.24%-6.43%. Most of the olivine-rich samples have the highest LOI values, illustrated by the positive corrections between LOI and MgO contents ( fig. 5 ), possibly because of varying degrees of serpentinization (fig. 2) .
The major-element oxides were recalculated to 100% on a volatile-free base. Boynton (1984) . The normalization values for the primitive mantle are from Sun and McDonough (1989) . OIB p ocean island basalt.
Cr contents (not shown) of the Tongde picritic dikes exhibit a fairly constant or slightly increasing trend with decreasing MgO content ( fig. 5 ). These rocks have Nb/Y ratios of 0.72-0.94, plotting exclusively into the alkaline-basalt field on the Nb/Y-versus-Zr/TiO 2 diagram of Winchester and Floyd (1976;  fig.  A1a , available in the online edition or from the Journal of Geology office). In addition, all the picritic dikes have Ti/Y ratios of 1500 ( fig. A1b ), similar to those of high-Ti basaltic rocks (Peate et al. 1992; Xu et al. 2001 ).
The Tongde picritic dikes have total rare earth element (REE) contents of 54-111 ppm and exhibit uniform chondrite-normalized light-REE-enriched patterns ( fig. 6a) . 6 ), resembling the intraplate alkali basaltic rocks in continental flood basalt (CFB) and ocean island basalt (OIB) provinces (Sun and McDonough 1989 Nd/ 144 Nd ratios between 0.512709 and 0.512821, corresponding to initial Nd (T) ( Ma) values T p 795 between 6.9 and 8.7. These highly radiogenic Nd isotopic compositions suggest that the parental magmas of the Tongde picritic dikes were derived from a time-integrated depleted-mantle source. 5 ) suggest that these rocks underwent insignificant plagioclase fractionation (Pik et al. 1998 ). The increase of TiO 2 with decreasing MgO indicates that TiO 2 was incompatible in the crystallizing phases and thus that titanomagnetite did not appear in the liq- uidus of these systems. As a result, chemical variations of the Tongde picritic dikes are dominantly controlled by olivine accumulation.
Discussion
These rocks are characterized by a lack of clear depletion in Nb, Ta, and Ti relative to the neighboring elements in the trace-element spidergram ( fig. 6b ) and by highly positive Nd (T) values between 6.9 and 8.7 (table A3) , indicating minimal crustal contamination. There are, however, positive correlations between Nd (T) and Nb/La values ( fig. 7a ) and between Nb/Th and Nb/La ratios ( fig.   7b ), suggesting that the relative enrichment of La and slight depletion of Nb and Ta in these rocks are likely attributable to minor crustal contamination (e.g., Paces and Bell 1989) . This is consistent with the elevated Pb abundance in a few samples (TBZ1-0704, TBZ0602, and JGT0704) and the existence of xenocrytsal zircon (spot 14.1).
Nature of the Parental Magma and Mantle Source
Characteristics. The geochemical and Nd isotopic characteristics of most Tongde dikes are generally similar to those of the alkali basalts derived from OIB-like mantle sources within continental rifts ( fig. 6) , such as the alkaline basalts in the modern East African Rift (Stewart and Rogers 1996; Pik et al. 1999 ) and the ca. 810-Ma Suxiong alkaline basalts in the Kangding Rift of the western Yangtze Block . Relatively low abundances of most incompatible trace elements in the Tongde dikes, compared with those in OIBs, are most likely due to dilution by olivine accumulation. Thus, the parental magmas of these picritic dikes were most likely generated by melting of an OIB-like mantle source. Petrographically, these rocks appear to be crystal cumulates ( fig. 2) , as confirmed by the geochemical data (figs. 5, A2). Before estimating their primary melt, we first considered how the compositions of each sample may have been changed during alteration, as these samples suffered variable degrees of alteration ( fig. 5) ). These compositions were then used (T) p 8.2 Nd as the starting material to calculate the primarymelt composition. A good approach is outlined in Herzberg et al. (2007) , in which magma compositions are projected into a mantle-phase diagram. Applying the Herzberg et al. method and assuming the composition of TBZ0600 as an end member, a primary melt of ∼45.6% SiO 2 , ∼22.7% MgO, ∼11.5% FeO, and 8.2% CaO for batch melting and one of ∼45.8% SiO 2 , ∼21.4% MgO, ∼11.7% FeO, and 8.6% CaO for fractional melting were obtained with the PRIMELT2.XLS software (Herzberg and Asimow 2008) . On the basis of the methods of Albarè de (1992) and Herzberg et al. (2007) , the temperature of the primary melt (under anhydrous melting condition) was estimated at 1470ЊC-1490ЊC. Because of the effect of water (Herzberg et al. 2007) , the melt temperature would be reduced by 70ЊC. Thus, a minimum melt temperature of 11400ЊC can be reasonably estimated for the Tongde picritic dikes.
The mantle potential temperature T p (McKenzie and Bickle 1988), a reference for measuring the thermal state of mantle sources, was estimated at 1600Њ-1620ЊC with the methods of McKenzie and Bickle (1988) , Langmuir et al. (1992) , Putirka (2005) , and Herzberg et al. (2007) . Our estimated T p values imply that the Tongde picritic dikes were derived from an anomalously hot mantle that was ca. 200ЊC hotter than the contemporary ambient mid-ocean ridge basalt (MORB)-source mantle, having a T ≈ p , inferred from the secular Earth-1350Њ Ϫ 1450ЊC cooling model of Pollack (1997) .
The Tongde picritic dikes have Mg#'s of 72.3-80.3 (table A2) , lower than the for Ha-88.2 ‫ע‬ 0.3 waiian OIB (Humayun et al. 2004 ). These rocks show Fe/Mn ratios of 75.5-85.6, which are higher than the for Hawaiian OIB (Humayun et 66.9 ‫ע‬ 1.8 al. 2004) . Because most of the Fe in the mantle is Fe 2ϩ (FeO) and all of the Mn is Mn 2ϩ (MnO), Fe and Mn share the same charge and ionic radius and have similar partitioning behavior in magmatic processes (Humayun et al. 2004) . Experimental studies of partial melting of pyroxenite and peridotite show that the Fe/Mn ratios for pyroxenite melts are higher than those for peridotite melts because clinopyroxene, orthopyroxene, and garnet all have , whereas olivine has D(Fe) 1 D(Mn) D(Fe) ! D(Mn) (Walter 1998; Pertermann and Hirschmann 2003) . It is also known that partial melting of pyroxenite can produce an alkalic-to-tholeiitic transition in OIBs Keshav et al. 2004 ). Thus, high Fe/Mn ratios for the Tongde picritic dikes resulted, most likely, from partial melting of pyroxenites in the mantle source (Herzberg 2006; Sobolev et al. 2007 ). This is also consistent with the fact that most olivines from these rocks are significantly enriched in Ni and relatively depleted in Mn and Ca (table A4), suggesting predominant contribution of pyroxenites to the continental basalts (Sobolev et al. 2005 (Sobolev et al. , 2007 .
Picrites and komatiites are unambiguous indicators of a hotter-, or deeper-, than-normal mantle source (Anderson 1994) . Generally, in areas where a hotter mantle plume rises, as in many LIPs, the degree of melting would be relatively high, and the parental melt can be picritic (Campbell and Griffiths 1990; Chung and Jahn 1995; Herzberg and O'Hara 1998; Zhang et al. 2006) . A melting degree of ∼20% for TBZ0600 was estimated using the PRIMELT2.XLS software (Herzberg and Asimow 2008) . Therefore, melting for the Tongde picritic dikes appears to have occurred in a pyroxenitic source, with a melting degree of ∼20%.
Tectonic Significance. Neoproterozoic magmatic rocks with ages of 860-750 Ma are widespread along the western margin of the Yangtze Block. However, the origin and tectonic implications of these rocks are an issue of debate; that is, they are either related to mantle plume activities (Li et al. 1995 (Li et al. , 1999 (Li et al. , 2003c or are of magmatic arc-related origin (Zhou et al. , 2006a (Zhou et al. , 2006b . Our new data for the ca. 800-Ma Tongde picritic dikes in the Yanbian area place new constraints on the Neoproterozoic tectonic evolution on the western margin of the Yangtze Block.
The Tongde picritic dikes exhibit characteristic incompatible-trace-element patterns comparable to those of OIB ( fig. 6b ). In the discrimination diagrams for Ti-Zr-Y ( fig. A4a , available in the online edition or from the Journal of Geology office; Pearce and Cann 1973) and La/10-Y/15-Nb/8 (fig. A4b; Cabanis and Lecolle 1989), these picritic rocks plot exclusively within the fields of within-plate basalt and continental basalts, indicating that they were formed in a continental rift. In addition, the clinopyroxenes from the picritic dikes are characterized by high Ti (TiO 2 up to 2.2%) and low Al/ Ti ratios ( fig. A5 , available in the online edition or from the Journal of Geology office; Loucks 1990), typical of rift-related mafic-ultramafic intrusions. As mentioned above, these dikes exhibit no Nb and Ta depletion, in obvious contrast to mafic rocks generated in arc-related settings. These arguments clearly point toward a within-plate rift, rather than a continental-arc environment, for the formation of the Tongde picritic dikes.
In general, olivine with is a common fea-Fo 1 90 ture of komatiites (e.g., Arndt et al. 1977; Lesher 1989) . This type of olivine has also been reported in picritic rocks from several CFB provinces (e.g., Krishnamurthy et al. 2000; Larsen and Pedersen 2000; Thompson and Gibson 2000; Zhang et al. 2006) and OIBs (Garcia et al. 1995) . We note that olivine phenocrysts with Fo values of 190 in the Tongde dikes contain 0.11%-0.42% CaO and 0.09%-0.39% Cr 2 O 3 ( fig. A3 , available in the online edition or from the Journal of Geology office), clearly different from those in mantle peridotites or mantle xenoliths, which have much lower Ca and Cr (e.g., Gurenko et al. 1996; Thompson and Gibson 2000) . Therefore, the picritic dikes in the Yanbian area are similar to many picritic rocks within continental LIPs of plume origin.
The ca. 800-Ma Tongde picritic dikes are broadly concurrent with the ca. 820-810-Ma Tiechuanshan-Bikou CFB (Ling et al. 2003; Wang et al. 2008) , the ca. 810-Ma Suxiong bimodal volcanic rocks (Li et al. 2003b) , and numerous ca. 790-760-Ma mafic dikes in the Kangding-Shimian and Yanbian areas (Li et al. 2003c; Lin et al. 2007; Zhu et al. 2008 ), suggesting that extensive intraplate mafic magmatism occurred at ca. 820-760 Ma along the western to northwestern margin of the Yangtze Block. The genesis of these widespread mafic rocks can be best explained by the proposed mid-Neoproterozoic mantle superplume activity (Li et al. 2003c) , which triggered variable degrees of partial melting of the OIB-like mantle sources and some metasomatized mantle sources by previous subduction processes during the Sibao orogenesis.
Conclusions
1. SIMS U-Pb zircon dating results indicate that the Tongde picritic dikes were emplaced at 796 ‫ע‬ 5 Ma.
2. These picritic dikes are characterized by highly positive Nd (T) values (6.9-8.7) and enrichment in most incompatible trace elements. The parental magmas of the dikes are high-Ti picritic melts that originated from ∼20% partial melting of a pyroxenitic source; thereafter, the magmas underwent further olivine accumulation and little crustal contamination.
3. The Tongde picritic dikes were derived from an anomalously hot mantle source with a potential temperature of 1600Њ-1620ЊC. They were formed in a mid-Neoproterozoic continental rift, most likely related to the proposed 830-750-Ma mantle superplume beneath South China within the Rodinia supercontinent.
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